Ascomycete yeasts are metabolically diverse, with great potential for biotechnology. Here, we report the comparative genome analysis of 29 taxonomically and biotechnologically important yeasts, including 16 newly sequenced. We identify a genetic code change, CUG-Ala, in Pachysolen tannophilus in the clade sister to the known CUG-Ser clade. Our well-resolved yeast phylogeny shows that some traits, such as methylotrophy, are restricted to single clades, whereas others, such as L-rhamnose utilization, have patchy phylogenetic distributions. Gene clusters, with variable organization and distribution, encode many pathways of interest. Genomics can predict some biochemical traits precisely, but the genomic basis of others, such as xylose utilization, remains unresolved. Our data also provide insight into early evolution of ascomycetes. We document the loss of H3K9me2/3 heterochromatin, the origin of ascomycete mating-type switching, and panascomycete synteny at the MAT locus. These data and analyses will facilitate the engineering of efficient biosynthetic and degradative pathways and gateways for genomic manipulation.
Ascomycete yeasts are metabolically diverse, with great potential for biotechnology. Here, we report the comparative genome analysis of 29 taxonomically and biotechnologically important yeasts, including 16 newly sequenced. We identify a genetic code change, CUG-Ala, in Pachysolen tannophilus in the clade sister to the known CUG-Ser clade. Our well-resolved yeast phylogeny shows that some traits, such as methylotrophy, are restricted to single clades, whereas others, such as L-rhamnose utilization, have patchy phylogenetic distributions. Gene clusters, with variable organization and distribution, encode many pathways of interest. Genomics can predict some biochemical traits precisely, but the genomic basis of others, such as xylose utilization, remains unresolved. Our data also provide insight into early evolution of ascomycetes. We document the loss of H3K9me2/3 heterochromatin, the origin of ascomycete mating-type switching, and panascomycete synteny at the MAT locus. These data and analyses will facilitate the engineering of efficient biosynthetic and degradative pathways and gateways for genomic manipulation.
genomics | bioenergy | biotechnological yeasts | genetic code | microbiology Y easts are fungi that reproduce asexually by budding or fission and sexually without multicellular fruiting bodies (1, 2) . Their unicellular, largely free-living lifestyle has evolved several times (3) . Despite morphological similarities, yeasts constitute over 1,500 known species that inhabit many specialized environmental niches and associations, including virtually all varieties of fruits and flowers, plant surfaces and exudates, insects and other invertebrates, birds, mammals, and highly diverse soils (4) . Biochemical and genomic studies of the model yeast Saccharomyces cerevisiaeessential for making bread, beer, and wine-have established much of our understanding of eukaryotic biology. However, in many ways, S. cerevisiae is an oddity among the yeasts, and many important biotechnological applications and highly divergent physiological capabilities of lesser-known yeast species have not been fully exploited (5) . Various species can grow on methanol or n-alkanes as sole carbon and energy sources, overproduce vitamins and lipids, thrive under acidic conditions, and ferment unconventional carbon sources. Many features of yeasts make them ideal platforms for biotechnological processes. Their thick cell walls help them survive osmotic shock, and in contrast to bacteria, they are resistant to viruses. Their unicellular form is easy to cultivate, scale up, and harvest. The objective of this study was, therefore, to put yeasts with diverse biotechnological applications in a phylogenomic context and relate their physiologies to genomic
Significance
The highly diverse Ascomycete yeasts have enormous biotechnological potential. Collectively, these yeasts convert a broad range of substrates into useful compounds, such as ethanol, lipids, and vitamins, and can grow in extremes of temperature, salinity, and pH. We compared 29 yeast genomes with the goal of correlating genetics to useful traits. In one rare species, we discovered a genetic code that translates CUG codons to alanine rather than canonical leucine. Genome comparison enabled correlation of genes to useful metabolic properties and showed the synteny of the mating-type locus to be conserved over a billion years of evolution. Our study provides a roadmap for future biotechnological exploitations.
features, so that their useful properties may be developed through genetic techniques. Backgrounds on 16 yeasts are given in SI Appendix.
Results
Organism Phylogeny. Genomes were sequenced and assembled as described in Materials and Methods (SI Appendix, Table S1 ). Using the predicted proteomes (SI Appendix, Fig. S1 and Table  S2 ) of these plus an additional 13 ascomycete yeasts and 9 fungal outgroups, we generated three phylogenomic data matrices: "full" (7,297 genes with four or more sequences), "MARE" (1,559 genes from the full set filtered for informative quality), and "core" (418 genes present in all organisms). The MARE-filtered supermatrix tree (6, 7) is shown (Fig. 1) . The full supermatrix and core gene trees differed regarding the positions of Ascoidea rubescens, Debaryomyces hansenii, and Metschnikowia bicuspidata, but conflicting branches were not supported. The maximum parsimony MARE-filtered supermatrix and core genes matrix trees were topologically identical to Fig. 1 (SI Appendix, Figs. S5  and S6 ). Overall, our data show a phylogenetic tree with three major Saccharomycotina clades (CUG-Ser, Methylotrophs, and Saccharomycetaceae) along with significant differences among the early diverging members, such as Lipomyces starkeyi, Tortispora caseinolytica, Yarrowia lipolytica, and Nadsonia fulvescens.
Alternative Genetic Codes: CUG Coding for Ser and Ala. Yeasts in the CUG-Ser clade, including Candida albicans, use an altered genetic code, in which CUG codons are translated as Ser rather than the canonical Leu (8, 9) because of alterations in the tRNA CAG that decodes CUG. To investigate the origins of this change, we inspected predicted tRNA CAG s for the presence of three sequence features indicative of Ser translation (9): a G33 residue 5′ to the anticodon, which may lower rates of leucylation (10) , an Ser identity element in the variable loop, and a G discriminator base. Most CUG-Ser clade species contained all three serylation features in their predicted tRNA CAG s, indicating translation of CUG to Ser (SI Appendix, Fig. S7A ). However, in the most basal taxa of this clade, not all of the features are present: M. bicuspidata lacks the Ser identity element, and Babjeviella inositovora lacks the discriminator base. This finding may reflect stepwise accumulation of tRNA CAG Ser features in the evolution of alternative CUG translation. Species branching deeper in the tree do not show any of the three features.
To investigate CUG translation beyond CUG-Ser, we analyzed multiple alignments of 700 orthologous groups of proteins (SI Appendix). For each yeast, we identified its CUG-encoded positions in the alignments and tabulated the frequencies of the amino acids in other species to which CUG sites aligned, restricting the analysis to conserved regions of proteins. In the CUG-Ser clade, CUG codons most frequently aligned with Ser rather than Leu (Fig. 2) .
In the eight genomes from this clade, CUG codons aligned with Ser in 26-42% of aligned positions. For most of the other yeasts, CUG aligned predominantly with Leu (58-75%). However, two yeasts outside the CUG-Ser clade, Pachysolen tannophilus and A. rubescens, show unusual CUG alignment patterns. They were previously proposed to translate CUG as Ser based on interspecies alignments (11) (SI Appendix, Table S3 ), but their tRNA CAG genes lack the serylation features (SI Appendix, Fig. S7A ). In P. tannophilus, CUG unexpectedly aligned mostly with Ala (25%) (Fig. 2 ), more than with Leu (7%) or Ser (9%). In A. rubescens, CUG codons are remarkably rare and showed no strong preference for any amino acid, suggesting the possibility that its genome could be edited to use CUG to code for unconventional amino acids.
To determine the genetic code of P. tannophilus directly, we sequenced tryptic peptides de novo by liquid chromatography (LC)-MS/MS and compared them with the genome sequence. Among 6,836 peptides that mapped to unique sites in the genome, 178 span a CUG codon site (in 170 different genes). Of these CUG codon sites, 160 (90%) align with Ala in the sequenced peptide, 16 align with Leu in the sequenced peptide, and 2 align with other amino acids in the sequenced peptide (Dataset S1). The possibility of mRNA editing can be excluded, because no editing was seen at these sites in expressed sequence tag (EST) data from P. tannophilus for all 166 sites that were covered by EST reads. To confirm these findings, we transformed P. tannophilus with a selectable marker for hygromycin resistance, in which all CUG-Leu codons were changed to other Leu codons. Several thousand resistant transformants were obtained with the altered selectable marker, but none were obtained with the vector containing the native hyg r gene (SI Appendix, Fig. S7 B and C). We conclude that P. tannophilus translates most CUG codons in mRNA as Ala.
Correlation of Genomically Encoded Enzymes to Metabolic Traits. We correlated several metabolic capabilities (2) with genome content ( Fig. 3 and SI Appendix, Figs. S8-S10). Genes for D-xylose assimilation appear to be widespread in the ascomycete yeasts, including unexpectedly, several yeasts lacking the ability to grow on D-xylose in classical assays (2) . Candidate genes (generally in multiple paralogs) for xylose reductase (XYL1), xylitol dehydrogenase (XYL2), and D-xylulokinase (XYL3) exist in nearly all of the ascomycete yeasts (the sole exception, Hanseniaspora valbyensis, lacks XYL2 and XYL3). Unexpectedly, we found that Candida tanzawaensis, a member of the CUG-Ser clade in which xylose metabolism is well-characterized (12, 13), did not grow on xylose, despite possessing homologous genes for the full pathway. Similarly, despite the near ubiquity of the XYL1/XLY2/XYL3 pathway in the yeasts, several species beyond the CUG-Ser clade either lack or have strain-specific ability to metabolize D-xylose (2, 14, 15) . Variation in this trait may, therefore, involve factors other than gene presence or absence (e.g., regulation of gene expression or enzyme specificity) (16) . Galactose utilization. In contrast to D-xylose, galactose utilization correlates well with characterized pathways (17) . The ability to use galactose varies widely across yeasts (2), and previous research has shown a handful of gene losses in the galactose utilization pathway (GAL) and at least one reacquisition by horizontal gene transfer (17, 18) . The dense sampling of yeast genomes in this study provides an enriched picture of dynamic pathway evolution. Parsimony suggests that key GAL genes and the ability to use galactose have been lost at least seven times among the examined taxa for a total of at least 11 losses among the subphyla Saccharomycotina and Taphrinomycotina (Fig. 3) . Because GAL homologs are conserved across all domains of life (19) , our analyses suggest that the dominant mode of evolution for yeast galactose consumption is one of repeated and independent loss of the trait along with its required genes from an ancestral yeast that could consume galactose. Methylotrophy. Relatively few yeasts can use methanol as a sole carbon source (20) . All three methylotrophic yeasts in this studyOgataea polymorpha, Candida arabinofermentans, and Komagataella phaffii-possess a full complement of genes for methanol utilization pathway enzymes (Fig. 3) and belong to the same multigenus clade (Fig. 1) . In particular, this rare trait correlates perfectly with the presence of genes encoding alcohol oxidases (AOXs) and dihydroxyacetone synthases (DASs) but not with other members of the pathway. Methylotrophy seems to have been lost because of loss of AOX and DAS in Pichia membranifaciens and Dekkera bruxellensis, which likely had a methylotrophic ancestor. L-Rhamnose utilization. L-Rhamnose metabolism can proceed by phosphorylated (isomerase) and nonphosphorylated (oxidative) pathways, with the latter occurring in fungi (21) . Its catabolism requires several enzymatic steps, all of which are necessary to enter central metabolism. In Scheffersomyces stipitis, the four genes of the oxidative L-rhamnose pathway are situated side by side in a cluster, which is repeated in various conformations among six of the yeasts in this study (Candida tenuis, D. hansenii, O. polymorpha, L. starkeyi, and K. phaffii in addition to S. stipitis), and the occurrence of the conserved cluster across broad phylogenetic distances correlates with a yeast's capacity to oxidize L-rhamnose. However, L-rhamnose assimilation is sparsely distributed throughout Saccharomycotina (Fig. 3) , with losses of the pathway apparent in several clades.
Complex I (NADH Dehydrogenase)/Dihydroorotate Dehydrogenase (URA9/URA1). Our broad phylogenetic study elaborated prior findings (22) that loss of respiration complex I (RC1) preceded the gain of bacterial dihydroorotate dehydrogenase (URA1) in S. cerevisiae and closely related genera. These two features along with other evolutionary changes, such as expansion of genes for facilitated sugar uptake, contributed to the capacity for anaerobic growth by these yeasts. Two other fermentative species (Nadsonia and Schizosaccharomyces) showed diminished RC1 components but did not acquire URA1 (SI Appendix, Fig. S9 ).
Metabolic Gene Clusters. Many genes for degradative and biosynthetic traits were proximal on chromosomes across wide phylogenetic ranges (SI Appendix and Datasets S2 and S3). Our analysis identified previously recognized gene clusters for urea, allantoin, galactose and N-acetyl glucosamine catabolism, starch, cellulose, and nitrate utilization and extended these associations across multiple genomes. Genes for lipid synthesis and amino acid metabolism (Gly, Ser, Phe, Tyr, and Trp) likewise were found in clusters. Three successive enzymatic steps in the biotin synthesis pathway were found in pairwise clusters that differed with phylogeny. Genes for the first two of these steps are frequently clustered in Saccharomycotina (23), whereas clusters with genes for the second and third steps were prevalent in the other clades.
Mating-Type Locus Organization, Mating-Type Switching, and H3K9me
Heterochromatin. Mating-type locus (MAT) structures of the sequenced species (SI Appendix, Fig. S11 ) suggest a genetic mechanism to explain biological data about homothallism or heterothallism of the species. Comparison of MAT loci revealed evidence of conservation of synteny at this locus among all three subphyla of Ascomycota, showing that cell type has been controlled during 1 billion years (24) of ascomycete evolution by a single orthologous locus (MAT), despite gross changes of its gene content. The stability of MAT contrasts with the frequent turnover of sex determination loci in animals and plants. We also found that P. tannophilus and A. rubescens have mating-type switching systems that operate by inversion of a region of chromosome, similar to O. polymorpha and K. phaffii (25, 26) (SI Appendix, Figs. S11 and S12). Most Saccharomycotina species have lost the ancestral form of eukaryotic heterochromatin, in which lysine 9 of histone H3 is methylated (27) ; L. starkeyi is the only Saccharomycotina species with orthologs of Schizosaccharomyces pombe Clr4 (H3K9 methyltransferase), Epe1 (H3K9 demethylase), and Swi6 (H3K9me2/3 binding chromodomain protein). We infer that mating-type switching, which requires a mechanism to silence the nonexpressed copies of MAT genes, evolved in the Saccharomycotina lineage relatively soon after the ancestral H3K9me2/3 form of heterochromatin was lost (SI Appendix, Fig. S11 ).
Discussion
By filling in key taxonomic gaps in yeast phylogeny, we have been able to identify major evolutionary transitions in yeast metabolism. For example, pentose and cellobiose fermenting yeasts are often associated with wood-ingesting beetles and mainly found in the CUG-Ser clade. P. tannophilus, which also ferments xylose to ethanol, is in a newly recognized sister CUG-Ala clade. The ethanologenic yeasts, which include S. cerevisiae, Kluyveromyces lactis, and several other genera, gained the capacity for anaerobic growth by acquiring genes that enable anaerobic uracil synthesis, while losing NADH dehydrogenase. Loss of RC1 occurred more than once (SI Appendix, Fig. S9 ), and diminished respiration correlates with increased fermentative activity. The methylotrophic yeasts occur in a single clade that has retained high oxidative pentose phosphate pathway activity, while gaining tolerance to salt and low pH. The most lipogenic yeasts are closest to the base of divergence from filamentous ascomycetes.
The tree topology presented here ( Fig. 1) generally agrees with previous work (1, 3, 28) , but almost all branches receive stronger support. The clade including S. cerevisiae and K. lactis remains strongly supported as the sister of the clade comprising Wickerhamomyces and Cyberlindnera. Furthermore, there is now strong support for placement of Dekkera/Brettanomyces in the Pichia clade and a sister relationship between methylotrophs and the CUG-Ser clade. Inclusion of Saitoella complicata in the analysis greatly improved support for a monophyletic grouping of some members of the Taphrinomycotina. Our analysis provides strong support for a number of previous phylogenetic conclusions (1, 3, 28) , but more data are needed to resolve the remaining poorly sampled clades. In addition to providing an understanding of biochemical pathway evolution, a strongly supported tree with more inclusive sampling will give a more stable higher-level taxonomy of the yeasts.
Common morphological features seldom resolve phylogenetic classification of yeasts. For example, ascospore shape and presence or absence of pseudohyphae and true hyphae are seldom exclusive to one clade. Although Eremothecium species have unique elongated ascospores with a tail-like extension, other morphologies, such as hat-shaped ascospores, are found in many clades, including members of Pezizomycotina. Bipolar budding is known for four genera, Hanseniaspora, Saccharomycodes, Nadsonia, and Wickerhamia, but Hanseniaspora and Nadsonia are only distantly related (Fig.  1) . Similarly, many metabolic traits are shared too broadly to have phylogenetic value, such as the fermentation of glucose. However, metabolism of some compounds, such as methanol, is monophyletic. Species that assimilate methanol belong to the multigenus "methylotrophs" clade ( Fig. 1 ) that includes Ogataea, Kuraishia, Komagataella, Pichia, and Dekkera, but the latter two genera do not metabolize methanol, which suggests loss of this physiological trait in these two lineages.
Certain enzymes are found in some clades to a much greater extent than in others. For example, genes for cellulose utilization are found largely in the CUG-Ser clade, where β-glucosidases, endoglucanases, and transporters occur in functional clusters. S. stipitis, a member of the CUG-Ser clade, has six β-glucosidases, three endoglucanases, and multiple cellobiose transporters along with some xylanase activities. Most of the β-and endoglucosidases are induced in response to growth on cellobiose, where they confer the ability for rapid assimilation and fermentation of cellobiose. Enzymes for L-rhamnose metabolism are also found in functional clusters in the CUG-Ser yeasts (21) . Based on clusters of the enzymes for L-rhamnose metabolism, it is possible to predict the capacity for L-rhamnose metabolism in other yeasts.
By sampling early branching lineages of Saccharomycotina, our study elucidates many aspects of genome evolution in this subphylum. Synteny of the MAT locus has been conserved across Ascomycota, and the capacity for sexual recombination has surely contributed to yeasts' metabolic and physiological versatility. Contrastingly, rDNA organization is highly dynamic (SI Appendix, Fig. S4 ). Gene clusters seem to be common across yeast taxa, with the most conspicuous examples attributable to the utilization of substrates or biosynthetic pathways that require several metabolic steps. Reassignment of the CUG codon was more complex than previously thought, affecting a broader phylogenetic range of species, and involved at least two distinct events.
The genetic code change in P. tannophilus has practical implications for the use of this species in biotechnology, because heterologous genes containing CUG codons may not produce functional proteins. Indeed, in addition to the results with the CUG-less and CUG-containing hygromycin resistance markers described above, we and others (29) have been unable to transform P. tannophilus with the kanamycin resistance marker gene (Kan R ), which contains four CUG codons. In contrast, the S. cerevisiae HXK2 gene, which has no CUG codons, was used successfully to complement a P. tannophilus mutant (30) . Our discovery [in agreement with a report published (31) while the present study was in review] that CUG codes for Ala in P. tannophilus nuclear genes is only the second known example of a naturally occurring sense codon reassignment in any organism, the other being the CUG to Ser reassignment (9) . All other genetic code changes involve the capture or reassignment of stop codons. The CUG codon in A. rubescens also has biotechnological potential, because the very low frequency of its use suggests the possibility of assigning nonstandard amino acids to this codon through genome editing (32) .
The use of "nonconventional" yeast species in biotechnology is still in its infancy, and the industry uses only a tiny fraction of the thousands of species that are potentially exploitable (5) . The species in widespread use have generally been chosen based on classical assays of their enzymatic or physiological properties in laboratory conditions, without regard to the possible full potential of their genomes. S. pombe provides an informative illustration. Traditional tests indicate that S. pombe cannot grow on galactose (2), but its genome contains a set of GAL pathway genes predicted to be functional. Indeed, mutants of S. pombe have been isolated that grow on galactose and constitutively express their GAL pathways (33) , suggesting that S. pombe may respond to a different induction signal. Similarly, S. cerevisiae, although not classified as a xylose-using yeast (2) , has been shown to grow on xylose when endogenous genes are overexpressed (34) . The ability of Y. lipolytica to grow on D-xylose varies among strains (2, 14, 15) , and it may be that the D-xylose pathways of C. tanzawensis and other yeasts, which possess XYL gene homologs but do not grow on D-xylose in classical assays (2) , are likewise rewired. If this type of latent metabolic capability is commonplace, traditional biochemical assays may have overlooked a significant portion of genomic potential. As sequencing costs decrease, mining the genomes of the thousands of currently unsequenced yeast species offers an efficient route toward discovering the next generation of workhorse yeasts for biotechnology.
Materials and Methods
Genome Sequencing and Assembly. Genomes were sequenced using the Illumina, 454 (Roche), and PacificBiosciences platforms and assembled with AllPathsLG (35), Velvet (36) , gapResolution (37) , and PBJelly (38) as platformappropriate (SI Appendix).
Genome Annotation. Genomes were annotated using the JGI Annotation pipeline and made available through JGI fungal genome portal MycoCosm (39) (jgi.doe.gov/fungi). The data are also deposited at GenBank under the following accession numbers (LWKO00000000, LYME00000000, LXTC00000000, LYBQ00000000, LYBR00000000, LWUO00000000, LSKT00000000, LTAD00000000, LXPE00000000, AECK00000000, LSGR00000000, LXPB00000000, LZCH00000000, AEHA00000000, AEUO00000000, and LWUN00000000). Annotation statistics are summarized in SI Appendix, Table S2 .
Organism Phylogeny. Thirty-eight genome sequences were phylogenetically analyzed using the DSMZ phylogenomics pipeline as previously described (40-42) (SI Appendix).
Alternative Genetic Code. tRNAs were predicted with tRNAscan-SE (43) . Those predicted tRNAs with CAG anticodons (complement of CUG) were chosen and designated as tRNA CAG . Secondary structure-based multiple alignment of predicted tRNA CAG sequences was then performed with R-Coffee (44) . Resulting alignments were manually inspected to identify the sequence features previously described (9) as important for translation of CUG to Ser (SI Appendix, Fig. S7 ). To further investigate the role of CUG codons beyond the CUG clade, we performed best bidirectional hits analysis using BLAST to identify orthologous groups and selected 700 such groups, such that each group had one protein from each of the 25 Saccharomycotina yeasts plus 3 filamentous fungi outgroups: Neurospora crassa, Aspergillus nidulans, and Schizophyllum commune. All protein sequences were downloaded from the JGI MycoCosm site (jgi.doe.gov/fungi). Mapping the proteins back to the genome sequences from which they were predicted, we replaced all predicted amino acids coded by a CUG to an X in all yeasts. From 700 orthologous groups, we then performed multiple alignment using MAFFT and extracted conserved regions using Gblocks. We then looked for resulting alignment positions that had at least one X, giving 28,640 such positions, and counted statistics on what non-Xs (i.e., coded by a codon other than CUG) were present in these positions. We reasoned that, particularly in the case of highly conserved positions, the amino acids present ought to suggest what amino acid was coded by a yeast's CUG codon.
Genetic Code of P. tannophilus. A culture of P. tannophilus grown in yeast extract peptone dextrose was analyzed by LC-MS/MS. Triplicate samples were run on a Thermo Scientific Q Exactive Mass Spectrometer connected to a Dionex Ultimate 3000 (RSLCnano) Chromatography System. Tryptic peptides were resuspended in 0.1% formic acid. Each sample was loaded onto a fused silica emitter (75 μm i.d.; pulled using a laser puller; Sutter Instruments P2000), packed with 1.8 μm 120 Å UChrom C18 packing material (NanoLCMS Solutions), and separated by an increasing acetonitrile gradient over 60 min at a flow rate of 250 nL/min. The mass spectrometer was operated in positive ion mode, with a capillary temperature of 320°C and with potential of 2,300 V applied to the frit. All data were acquired with the mass spectrometer operating in automatic data-dependent switching mode. A high-resolution (70,000) MS scan (300-1600 m/z) was performed using the Q Exactive to select the 12 most intense ions before MS/MS analysis using HCD.
De novo peptide sequences were determined from the LC-MS/MS data using PEAKS Studio 7 (Bioinformatics Solutions) set to a false discovery rate of 1%. The 34,116 nonredundant peptide sequences obtained by combining three replicate samples were compared with a protein database of all annotated P. tannophilus genes translated using the universal genetic code. Only 6,836 peptides that mapped to unique sites in this database with zero or one amino acid mismatch per peptide were retained for analysis. They mapped to 1,982 genes. All 71,455 de novo sequenced residues in these peptides were then compared with the corresponding codons in their genes (Dataset S1).
Assigning Genes to Enzyme Functions. Predicted protein sequences were assigned enzyme function using a combination of TBLASTN searches with query protein sequences from the characterized pathways in model organisms vs. genome assemblies, BLASTP searches of the same query proteins against the full protein catalog of each organism, and PRIAM (45) profile searches (SI Appendix).
Gene Cluster Analysis. Gene families were defined by clustering all protein sequences of the full study set with MCL (46) . Fungal genomes were screened for metabolic gene clusters as previously described (47) . Briefly, two EC genes were considered clustered if they were separated by no more than six intervening genes according to published annotation and their EC numbers were nearest neighbors in one or more Kyoto Encyclopedia of Genes and Genomes pathways. Gene clusters were inferred by joining overlapping metabolic gene pair ranges that were separated by no more than six intervening genes.
